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XRDAbstract Aim: To characterize microstructure, hardness and thermal properties of experimental
Ag-based soldering alloys for dental applications.
Materials and methods: Ag12Ga (AgGa) and Ag10Ga5Sn (AgGaSn) were fabricated by
induction melting. Six samples were prepared for each alloy and microstructure, hardness and their
melting range were determined by, scanning electron microscopy, energy dispersive X-ray (EDX)
microanalysis, X-ray diffraction (XRD), Vickers hardness testing and differential scanning
calorimetry (DSC).
Results: Both alloys demonstrated a gross dendritic microstructure while according to XRD
results both materials consisted predominately of a Ag-rich face centered cubic phase The hardness
of AgGa (61 ± 2) was statistically lower than that of AgGaSn (84 ± 2) while the alloys tested
showed similar melting range of 627–762 C for AgGa and 631–756 C for AgGaSn.
Conclusion: The experimental alloys tested demonstrated similar microstructures and melting
ranges. Ga and Sn might be used as alternative to Cu and Zn to modify the selected properties
of Ag based soldering alloys.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Silver (Ag)-based soldering alloys are used in manufacturing
orthodontic appliances through joining different types of stain-
less steel (S.S.) parts in one functional assembly. This category
of orthodontic appliances includes brackets, orthodontic
retainers, hyrax appliances, headgears and others. Despite
their long use in orthodontic therapy there is still anxiety for
their possible adverse biological effects due to release of
heavy metals, mainly Ni, Fe, Cu and Zn through intraoral
140 A. Ntasi et al.degradation mechanisms such as corrosion, wear, dealloying
and others (Freitas et al., 2011; House et al., 2008).
Initially the Ag-based soldering alloys contained Cd to
decrease the melting point but due to biological concerns Cd
has been eliminated in order for new formulations to comply
with the ISO requirements (ISO 9333, 2006) where maximum
allowable limit is 0.02 (wt%). Contemporary Ag-based solder-
ing alloys have a variety of formulations based on the Ag–Zn–
Cu ternary system with additions of Ni or Sn and complex
microstructures consisting mainly a mixture of a Ag-rich and
Cu-rich face centered cubic phases (Ntasi et al., 2013). However
recent studies have documented the in vivo release of Cu and Zn
(Freitas et al., 2011; Soteriou et al., 2014) verifying the data of
experimental studies (Heidemann et al., 2002; Mikulewicz
et al., 2012, 2014; Ntasi et al., 2013; Staffolani et al., 1999).
The implication of this ﬁnding is in ﬁrst place the mechanical
degradation of joint itself which in case of space maintainers
has been associated with early failures (Baroni et al., 1994;
Bock et al., 2008; Qudeimat and Fayle, 1998; Rajab, 2002;
Tulonuglu et al., 2005; Vahed et al., 2007). In addition, the
release of Cu is associated with neurodegenerative processes,
liver damage and gastrointestinal irritation while the excess
intake of Zn reduces the HDL cholesterol, and limits Fe
absorption (Berge et al., 1982; Bishara, 1995; Freitas et al.,
2009; Grimsdottir et al., 1992; Food and Nutrition Board,
2000; Mockers et al., 2002; Schuster et al., 2004). To overcome
this limitation of the Ag–Zn–Cu family, new alloys should be
developed free of Cu and Zn without compromising the low
melting point of contemporary Ag-based alloys compared to
stainless steel alloys, ﬂuidity, and mechanical strength of sol-
dered assembly. Ga and Sn are two elements that are consid-
ered as non-cytotoxic and that decrease the melting point of
Ag when added as alloying elements (Karakaya and
Thompson, 1987; Okamoto, 2008).
Therefore the aim of the present study is the evaluation of
microstructure, hardness and thermal properties of experimen-
tal Ag-based soldering alloys.
2. Materials and methods
2.1. Alloy preparation
Two experimental alloys were fabricated in an induction-melt-
ing machine (Ducatron S3, UGIN’Dentaire, Seyssins, France)
using a silicate crucible (UGIN’Dentaire) appropriate for melt-
ing precious alloys. For the preparation of experimental alloys
amounts of pure Ag 99.99 (wt%), (AG006105/4, Goodfellow,
Huntingdon, England) Ga 99.99 (wt%) (S97020, Johnson
Matthey GmbH, Karlsruhe, Germany) and Sn 99.995 (wt%)
(SN006102/4, Goodfellow) were weighed in an electronic ana-
lytical balance (AEU-210; Shimatzu, Kyoto, Japan). Then the
materials were inductively melted, and six disk shaped samples
approximately 12 mm in diameter and 3 mm in thickness were
prepared for each experimental alloy. Table 1 shows theTable 1 Nominal elemental composition and group code of
the experimental alloys used in the study.
Composition (wt%) Code
Ag–12Ga AgGa
Ag–10Ga–5Sn AgGaSnnominal composition of the experimental alloys used in the
study and Table 2 shows properties, experimental techniques
and parameters used in this study for the characterization of
experimental alloys.
2.2. Microstructural characterization
The specimens were conventionally grounded with silicon car-
bide paper up to 4000 grit and polished with a 1 lm diamond
suspension solution (DiaPro, Struers). Finally they were put in
an ultrasonic bath with ethanol for 3 min, then rinsed with
water and dried.
The specimens were examined with a scanning electron
microscope (SEM; Quanta 200; FEI, Hillsboro, OR) equipped
with an energy-dispersive X-ray spectrometer (EDX; Sapphire;
EDAX Int, Mahwah, NJ). The microstructural features and
elemental composition of the alloys tested were investigated
by recording atomic number-contrast backscattered electron
images employing a solid-state detector at a 30 kV accelerating
voltage, 108 lm beam current, and 400· nominal magniﬁca-
tion. The elemental composition was determined by EDX
microanalysis using a liquid N2-cooled Si detector with a
super-ultrathin Be window. Spectra were collected employing
an area scan mode (640 · 640 lm sampling area), 300 s acqui-
sition time, and 32–37% detector dead time. Indicative elemen-
tal compositions of different phases based on mean atomic
number contrast were determined by spot analysis. The quan-
titative analysis of acquired spectra was performed by the Gen-
esis software (version 5.2; EDAX Int) under a nonstandard
mode using atomic number-absorption-ﬂorescence correction
(ZAF) methods.
Three samples from each alloy were investigated by X-ray-
Diffraction (XRD) analysis. Spectra were acquired applying
40-kV accelerating voltage, 40-mA beam current, 30–110 2
theta angle scan range, 0.02/s scanning speed, 0.02 sampling
pitch, and 1 s preset time.
2.3. Hardness testing
The hardness (HV) of the experimental alloys was determined
with Vickers indenter in a hardness tester (Diatronic 2Rc;
Wolpert, Ludwigshafen, Germany) applying 1 kg of load and
15 s dwell time.
2.4. DSC analysis
The melting temperature range of the experimental alloys was
determined by differential scanning calorimetry (DSC) (NET-
ZSCH STA 449 Selb/Bavaria Germany). The temperature
range was from 100 to 1000 Cwith a heating rate of 10 C/min.
2.5. Statistical analysis
The hardness values were statistically compared using
unpaired t-test at 95% level of signiﬁcance.
3. Results
Representative backscattered electron images of the surface of experi-
mental alloys are presented in Fig. 1. Additionally the areas of differ-
ent phases, based on different mean atomic numbers, where spot
Table 2 Properties, experimental techniques and parameters used in this study for the characterization of experimental alloys.
Property Experimental technique Parameter
Microstructure Scanning electron microscopy (SEM) Imaging: backscattered electron
Accelerating voltage: 30 KV
Beam current: 108 lA
Nominal magniﬁcation: 400·
Elemental composition X-ray energy dispersive spectroscopy (EDX) Scan mode: area and spot
Accelerating voltage: 30 KV
Beam current: 108 lA
Acquisition time: 300 s
Detector dead time: 32–37%
Crystallographic phases X-ray diﬀraction (XRD) Accelerating voltage: 40 KV
Beam current: 108 lA
2 Theta angle scan range: 30–110
Scanning speed: 0.02/s
Sampling pitch: 0.02
Preset time: 1 s
Hardness Vickers hardness (VHN) Applying load: 1 kg
Dwell time: 15 s
Melting range Diﬀerential scanning calorimetry (DSC) Temperature range: 100–1000
Heating rate: 10/C
Table 3 Elemental composition (wt%) of the experimental
alloys according to the EDS analysis.
Analysis mode Ag (%wt) Ga (%wt) Sn (%wt)
AgGa Area scan 89.7 10.3
L (Spot analysis) 82.0 18.0
H (Spot analysis) 92.9 7.1
AgGaSn Area scan 85.5 9.0 5.5
L (Spot analysis) 78.6 13.3 8.1
H (Spot analysis) 88.2 6.2 5.6
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mean atomic number) and H (high mean atomic number). In Table 3
the results of the area and spot EDX analysis are shown.
AgGa and AgGaSn microstructures (Fig. 1a and b) consist of large
dendrites of H-phase with isolated areas of L-phase. In the case of
AgGaSn the difference of mean atomic number between the two
phases is smaller (Fig. 1b) compared to that of AgGa. Both phases
in AgGa and AgGaSn are Ag-based with the L-phase having lower
Ag content and being enriched in Ga and Sn (with Sn only in the case
of AgGaSn alloy) as presented in Table 3.
According to XRD analysis (Fig 2) AgGa comprises of a Ag-rich
face centered cubic (FCC) phase, a Ag–Ga hexagonal phase, a tetrag-
onal Ga–Ag phase and a Ga rich orthorhombic phase. AgGaSn con-
tains an FCC Ag-phase and Ag6.7Sn with an FCC structure and
Ag8.7Ga1.3 with hexagonal. Finally, AgGa exhibited statistically lower
(p< 0.001) HV (61 ± 2.1) than AgGaSn (84 ± 1.9).
Fig. 3 shows the DSC plots for the experimental alloys, whereas in
Table 4 the melting temperature ranges, derived from the DSC mea-
surements, are shown. The two alloys exhibited similar melting temper-
ature range with a sharp peak at the beginning of melting.
Furthermore, AgGa demonstrated an oxidation/decomposition peak
after melting and a sharp peak at 420 C.Figure 1 BEI images of AgGa (a) and AgGaSn (b). The areas where
atomic number) and H (High mean atomic number). (nominal magni4. Discussion
The alloying elements Ga and Sn were selected since Ga com-
pounds demonstrate favorable biological properties and are
used as therapeutic agents (Chitambar, 2010; Russell et al.,
2011). For Sn, there are no adequate studies up to now,
regarding its cytotoxicity proﬁle (ATSDR, 2005; EFSA,spot analysis took place are noted with an asterisk as L (low mean
ﬁcation 400·).
Figure 2 Representative XRD spectra for AgGa and AgGaSn alloys tested. An FCC cubic Ag phase and intermetallic compounds are
present on both alloys. Furthermore, AgGa contains a Ga orthorhombic phase.
Figure 3 DSC plots for AgGa and AgGaSn. One peak at the beginning of melting is evident for both alloys. AgGa demonstrates a peak
at 420 C.
Table 4 Melting temperature range (C) of the experimental
alloys according to the DSC analysis.




142 A. Ntasi et al.2005; European et al., 2003). The compositions selected for the
experimental alloys were in the area of maximum solubility of
Ga in Ag–Ga alloy while Sn was added to further decrease the
melting point of Ag-based soldering alloy according to the
phase diagrams (Okamoto, 2008). Additionally, the melting
range according to the phase diagrams was below the melting
temperature of S.S. to avoid thermal deformation or even
melting of the S.S parts that make up the appliance. AISI
304 and AISI 316 are two alloys used for this purpose
(Staffolani et al., 1999) with melting ranges 1400–1450 C
and 1370–1400 C, respectively (MatWeb, 2014).AgGa and AgGaSn microstructures contain large high
mean atomic number dendrites, which may be attributed to
the primary formation of a Ag base solid solution (Ag), a ﬁnd-
ing which is in accordance to the respective phase diagrams
(Karakaya and Thompson, 1987; Okamoto, 2008). This is also
veriﬁed by XRD results where the Ag-rich FCC phase is the
predominant phase in both alloys. The presence of this phase
has been also identiﬁed by XRD analysis for Ag-10Ga exper-
imental alloy (Gunnaes et al., 2000). All the remaining phases
identiﬁed by XRD analysis are predicted by Ag–Ga and Ag–
Sn binary phase diagrams (Gierlotka and Handzlik, 2011;
Gunnaes et al., 2000; Karakaya and Thompson, 1987). How-
ever no other phases than Ag-rich FCC phase were identiﬁed
for a previously tested Ag–10Ga alloy and this might be
appended to the difference in elemental composition and/or
the annealing treatment following alloy production (Gunnaes
et al., 2000). Additionally the absence of the Ga (orthorhom-
bic) phase in AgGaSn alloy is predicted by the Ag–Ga–Sn
ternary phase diagram (Prince, 1988).
According to a previous study (Ntasi et al., 2013) the
hardness of the experimental alloys is far lower than the
Table 5 Brand name, manufacturer, elemental composition and Vickers hardness (mean and standard deviation) for commercially
available Ag based soldering alloys (Ntasi et al., 2014).
Brand Name Manufacturer Composition (wt%) VHN
Universal silver solder Dentaurum Ag:59, Zn:25 Cu:16 155 ± 3
Orthodontic solders Leone Ag:55, Zn:22, Cu 21, Sn:2 136 ± 8
Ortho dental universal solder Nobil Metal Ag:59, Zn: 25, Cu:16. 149 ± 9
Silver solder Ortho Technology Ag:1.5–55, Cu:19–95, Zn:2–44, Ni:0.1–24 141 ± 4
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155VHN) as presented in Table 5. Nevertheless AgGa demon-
strated lower value compared to AgGaSn alloy probably due
to the presence of the soft orthorhombic Ga phase.
Both experimental alloys illustrated similar solidus and liqui-
dus temperature as readily shown in Table 3. The slightly lower
liquidus ofAgGaSn alloy should be explained by the presence of
Sn in the alloy or the higher content of alloying elements (Ga and
Sn), which decrease the melting point of Ag-based alloys. How-
ever the liquidus temperatures of experimental alloys are about
80 C higher than the commercially available Ag-based solder-
ing alloys (Ntasi et al., 2013) and this might be associated with
the ﬂuidity ofmolten alloyduring soldering procedure.However
this requires further experimental testing. The sharp peaks on
the DSC plots at the beginning of melting can be attributed to
the presence of Ag3Ga,GaAg (for the AgGa alloy) andAg6.7Sn,
Ag8.7Ga1.3 (for the AgGaSn alloy), which are identiﬁed by the
XRD analysis. The peak of AgGa at 420 C has been well docu-
mented and is appended to the f() f0 which is a diffusionless
solid state transformation (f refers to the 30 at.%Gaphase iden-
tiﬁed between 619 and 440 C, whereas f0 refers to the 30 at.%
Ga, identiﬁed below 440 C) (Gunnaes et al., 2000).
The absence of Cu and Zn of the experimental alloys may
lead to new alloy formulations which will be less prone to
intraoral degradation compared to the commercial ones
(Freitas et al., 2011; Soteriou et al., 2014). It is worth noting
that the properties of experimental alloys might be further
enhanced by a speciﬁc thermal treatment (annealing)
(Gunnaes et al., 2000). Furthermore, in order to efﬁciently
replace the existing commercial alloys, the ability of these
alternative alloys to bind with various types of stainless steel
alloys, ﬂowability, electrochemical, mechanical properties
and biocompatibility must be evaluated.5. Conclusion
Ga and Sn might be used as alternative alloying elements to
modify the microstructural, thermal and mechanical properties
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